We search for signatures of a distant planet around the two-million-year-old classical T-Tauri star CI Tau hosting a hot Jupiter candidate (M p sin i ∼ 8.1 M Jupiter ) in an eccentric orbit (e ∼0.3). To probe the existence of an outer perturber, we reanalyzed 1.3 mm dust continuum observations of the protoplanetary disk around CI Tau obtained by the Atacama Large Millimeter/submillimeter Array. We found a gap structure at ∼0.
INTRODUCTION
Planets are forming in the circumstellar environment around young stars with an age of 10 million years (Myrs). The detection of planets orbiting a young star can be decisive evidence for the link between planet formation and orbital evolution. However, the fast rotation and high stellar activity on the surface of a young star inhibit unveiling the presence of planets. Despite such difficulties in planet hunting around young stars, four hot Jupiters orbiting around T-Tauri stars have been discovered recently: CVSO 30 which is in dispute (van Eyken et al. 2012) , V830 Tau b (Donati et al. 2016) , TAP 26 b (Yu et al. 2017) , and CI Tau b (Johns-Krull et al. 2016) . Close-in gas giants that formed further out likely experienced Type II migration because of disk-planet interactions, or were perturbed into the proximity of their star by secular perturbations of other planets or stellar companions, namely, planet-planet scattering (e.g., Rasio & Ford et al. 1996) and the Kozai-Lidov mechanism (Kozai 1962) . Gravitational perturbations from others cause excitation of the eccentricity and inclination of a scattered planet. A young hot Jupiter that remains in an eccentric orbit should keep the formation record because the time scales of orbital decay and circularization resulting from tidal forces exerted on a planet are of the order of ∼Gyr.
CI Tau is a 2-Myr-old classical T-Tauri star (Herczeg & Hillenbran 2014) in the Taurus star-forming region (e.g., Kraus & Hillenbrand 2007 ) with a heliocentric distance of ∼140 pc (e.g., Wichmann et al. 1998; Torres et al. 2012) . We employ recent astrometic measurements from the Gaia data release 2 which revealed the distance of 158.7±1.2 pc (Bailer-Jones et al. 2018) . Its mass was estimated as 0.8 M ⊙ (Guilloteau et al. 2014) . Johns-Krull et al. (2016) reported an eccentric hot Jupiter having an orbital period of ∼9 days and M planet sin i = 8.1 M Jupiter around CI Tau. Recently, K2 photometry has revealed two periodic variations of ∼6.6 and ∼9 days in the lightcurves of CI Tau (Biddle et al. 2018 ). According to the disk geometry (i = 45.7
• ) of CI Tau derived from 1.3 mm continuum observations (Guilloteau et al. 2014) , CI Tau b is expected to be a non-transiting planet and the stellar rotation period corresponds to periodic signals of 6.6 days. The observed 9-day photometric variability can be interpreted as the periodic dimming of light by planet-disk interactions such as pulsed accretion (Biddle et al. 2018) . In fact, mass accretion from a disk onto CI Tau measured ∼ 3 × 10 −8 M ⊙ yr −1 with HI Pfund β emission (Salyk et al. 2013) and Brackett γ lines (McClure et al. 2013 ) as a tracer of accretion flow.
The presence of an outer companion can be directly proved by high-contrast imaging. Previous binary surveys revealed no stellar companions around CI Tau (e.g., Kraus & Hillenbrand 2007) . High-contrast imaging searching for distant gas giants also has failed to detect faint point sources within their detection limit of ∼18 mag at 1.6 µm (Uyama et al. 2017) . The presence of companions could also be suggested indirectly from the morphology of the circumstellar disk, if companions embedded in the disk can generate a gap structure and spiral arms in the disk. However, previous observations of the submillimeter continuum revealed no gap structure in the disk of CI Tau (e.g., Andrews & Williams 2007 ). In addition, there is no significant deficit of infrared (IR) emission in spectral energy distributions (SED; see Andrews & Williams 2007 and references therein), indicating that CI Tau does not exhibit properties of so-called transitional disks (Espaillat et al. 2014) . Hence, such observational features of CI Tau invoke a different mechanism for the eccentricity pumping of CI Tau b, instead of planet-planet scattering. The high eccentricity of CI Tau b can be mediated by disk-driven eccentricity growth (Rosotti et al. 2017) . Ragusa et al. (2018) showed that the eccentricity of a CI Tau b-like planet grows linearly to be ∼ 0.1 while oscillating periodically, although it may continue to increase. Recently, the Atacama Large Millimeter/submillimeter Array (ALMA) has successfully revealed spatially resolved multiple-ring structures in the disks of HL Tau (ALMA Partnership et al. 2015) and HD 163296 (Isella et al. 2016) . Like CI Tau, HL Tau and HD 163296 have not been identified as multi-ring disks until ALMA discoveries because these two have no IR deficit in their SED. Therefore, we revisit the disk structure of CI Tau and probe signatures of a distant planet around CI Tau by utilizing ALMA high-resolution observations, which are publicly available from the ALMA data archive.
In this paper, we present the ALMA observations and results of our data reduction in Section 2. The disk model of the CI Tau disk and results of our visibility fitting are shown in Section 3. We discuss possible gapopening mechanisms of the CI Tau system in Section 4. Section 5 is a brief summary of this study. The quasar J0510+1800 was observed for bandpass and flux calibration, and J0431+2037 was used for phase calibration. The total on-source integration time was 18.4 min.
Data Reduction
Data calibration was performed using the Common Astronomy Software Applications (CASA) pipeline version 4.7.0 (McMullin et al. 2007) according to the steps shown in the calibration scripts provided by ALMA. We used only phase self-calibration because the signal-tonoise (S/N) ratio remained nearly unchanged by the amplitude calibration.
The dust continuum image (with a total bandwidth of 1875.0 MHz) was generated from line-free spectral windows by using the CLEAN algorithm (Rau & Cornwell 2011) . The left panel of Figure 1 shows the CLEANed image with "superuniform" weighting. The beaming size of the CLEANed image is 0.
′′ 25 × 0. ′′ 17 (40 × 27 au) with a position angle of 0.6
• , and its 1σ noise is ∼0.17 mJy beam −1 . To minimize the beam-elongation effect, we generated the CLEANed image with a circular beam size of 0.
′′ 29 × 0. ′′ 28 using uvtaper in the CASA tools. We fitted the 20σ-contour level of the CLEANed image with an elliptical shape using orthogonal distance regression, obtaining values of i =44.6
• and P A =11.8
• , where i and P A are the system inclination and the position angle, respectively. The middle panel of Figure 1 shows the CLEANed image with the observed visibilities deprojected in the uv plane, using the following equations (e.g., Zhang et al. 2016 ): u ′ = (u cos P A − v sin P A) × cos i and v ′ = (u sin P A − v cos P A), where we used the measured i and P A. Finally, we calculated the surface brightness profile by averaging the deprojected image azimuthally. The right panel of Figure 1 shows the surface brightness as a function of deprojected radius, and the brightness temperature was calculated using the Planck function. We found a small dip at ∼120 au, indicating a possible gap structure in the CI Tau disk.
To examine the morphology of the gap structure, we identified positions of a "valley" on the deprojected image every five degrees of azimuthal angle by fitting an inverse Gaussian function to the surface brightness profile. We determined an elliptical shape by using the valley's positions following the same method as that in the previous paragraph. Then, we found the eccentricity of a possible gap to be ∼0.46. However, the low S/N ratio of 1.3 mm dust continuum observations may overestimate the gap eccentricity. Consequently, we consider the gap as an axisymmetric circular shape in this paper.
DISK MODELING
The elongated beam is slightly larger in size than the gap, which inhibits determining the gap width and depth (see Figure 1) . To derive the geometric structure of the gap from the overall surface brightness profile, we considered a radial profile of the surface brightness I ν (R) that can reproduce the observed disk structure. As seen in Figure 1 , the brightness temperature falls below the dust temperature at the disk midplane given in Andrews & Williams (2007) 
, where R is the radial distance from the star. This indicates that thermal emissions from dust grains in the CI Tau disk are optically thin and the surface brightness can be approximately expressed as
where B ν is the blackbody intensity and τ is the optical depth. The optical depth can be defined as τ = κΣ, where κ and Σ denote the opacity and the surface density of dust, respectively. We used an exponentially tapered power-law distribution of the surface dust density predicted from viscous accretion disks (Lynden-Bell & Pringle 1974; Hartmann et al. 1998) , obtaining the following relation:
where R c is a characteristic radius, γ and q specify the radial dependence of the disk alpha viscosity ν α ∝ R γ and the dust temperature T d ∝ R −q . In this study, we adopted q = 1/2, as suggested by Andrews & Williams (2007) , and the inclination (i =44.6
• ) and the position angle (P A =11.8
• ) derived from the CLEANed image. We introduced three parameters to describe the gap structure: the inner edge (R gap in ), the outer edge (R gap out ), and the depth of the gap (δ). To model the surface brightness profile of the observed CI Tau disk with a gap, we defined six parameters in total, as stated above (R gap in , R gap out , γ, δ, R c , and F total ), where we used the integral of surface brightness with respect to solid angle, i.e., the total flux density (F total ). We generated the modeled image from the surface brightness profile that compensated for distortion from the inclination. The modeled image was converted to complex visibilities using the public Python code vis sample 1 . We obtained the azimuthally averaged profile of the complex visibilities, which were deprojected in the uv plane (e.g., Zhang et al. 2016) .
Then, we used the Markov Chain Monte Carlo (MCMC) method to fit our disk model to the radial profile of observed complex visibilities, using the emcee package (Foreman-Mackey et al. 2013). We used flat prior distributions for each parameter. The best-fit values with the reduced χ 2 values of ∼4.7 and parameter ranges for the MCMC fitting are summarized in Table 1. In the MCMC analysis, we excluded 500 steps as the burn-in phase and then, ran 1000 iterations with 100 walkers for convergence. The 1000 trials for the MCMC fitting are plotted in Figure 2 . Figure 3 shows the visibility and surface brightness profiles with the best-fit parameters. We confirmed that there are no locally concentrated regions for our MCMC sampling, as shown in the corner map (see Figure 2) . We found that the gap is located at 104.5±1.6 au (0.
′′ 66±0. ′′ 01) and it has a width of 36.9±2.9 au and a depth of 0.41 +0.04 −0.06 .
DISCUSSION
We have presented ALMA 1.3 mm continuum observations of a protoplanetary disk around CI Tau. The dust continuum map shown in Figure 1 reveals a ringshaped structure with a width of ∼37 au located at a radius of ∼104 au. There are various ideas that can produce an axisymmetric dust gap in a circumstellar disk. First, we consider dust growth and pileup near the sublimation front of volatile molecules re- sulting from ice condensation and sintering effects (e.g., Okuzumi et al. 2016) . Among the major volatile species (H 2 O, CO, CO 2 , CH 4 , H 2 S, N 2 , CH 4 , and CH 3 OH), CO, CH 4 , and N 2 condense into ice at extremely low temperature in a protoplanetary disk, at ∼20-30 K (e.g., Marboeuf et al. 2014 ). According to the estimations from submillimeter continuum observations combined with the SED (Andrews & Williams 2007) , the radial temperature profile in CI Tau's disk follows T (R) = 178 ± 3 (R/1 au) −0.57±0.02 , indicating that the gas temperature near the gap is ∼12.6 K. This implies that a ring-like structure lies beyond the snow lines of the three molecules. Thus, the growth and concentration of dust aggregates near the snow line could not explain formation of the observed gap in the disk around CI Tau.
A passive disk such as CI Tau (Ṁ ∼ 10 −8 M ⊙ yr −1 ) becomes thermally unstable against stellar irradiation (e.g., Watanabe & Lin 2008) . Thermal waves that are excited in an outer region of a flared disk produce fluctuations of temperature. Watanabe & Lin (2008) found that temperature differences at the disk midplane between the illuminated and shadow regions are ∼10 K at ∼80 au. Our best-fit model of surface brightness profiles indicates that the brightness temperature near the gap is ∼2.3 K lower than that of the ambient disk (see the right panel of Figure 3 ). Since thermal waves propagate inward and their amplitudes damp out, fluctuations of midplane temperature can weaken in the inner disk. Thermal waves in an irradiated disk are, however, incompatible with the small temperature gradient in the outer region, such as the location of the gap seen in CI Tau's disk.
The disk gas in a cold region can be ionized by cosmic rays and stellar X-ray irradiation, which may drive the magneto-rotational instability (MRI; e.g., Balbus & Hawley 1991) . Local pressure bumps that occur in a MRI-active region or non-ideal magnetohydrodynamics (MHD) effects such as the Hall effects and ambipolar diffusion which suppress turbulence can trap dust particles, leading to a concentration of dust particles. Dust settling can also gather dust into a toroidal vortex produced by a baroclinic instability (Lorén-Aguilar & Bate 2015). Consequently, a hydrodynamic instability resulting from interactions between disk gas and dust particles can be a possible mechanism for generating the ring-like structure seen in the CI Tau disk.
Previous results of CI Tau observations indicated weak turbulence predicted from the small accretion rate (e.g., Salyk et al. 2013 ) and a high dust-to-gas mass ratio (∼10: Williams & Best 2014) in a gravitationally stable disk. Disk properties are favorable for triggering secular gravitational instability (secular GI) at a radius of 80 au. Takahashi & Inutsuka (2014) predicted that the most unstable wavelength is dozens of au at ∼80- 100 au for a weakly turbulent disk (α ∼ 10 −4 ), which is consistent with the observed gap structures. The secular GI as well as the MRI can accumulate dust particles and promote formation of a dusty ring in the disk of CI Tau.
Finally, we discuss the possibility of a planet embedded in a disk. A massive planet can clear out the surrounding disk and produce a ring structure seen in CI Tau's disk. Using the estimated aspect ratio of 0.122 and empirical formulas for gap-opening induced by a planet (Kanagawa et al. 2015 (Kanagawa et al. , 2016 , we find the mass of a planet to be 0.8 M Jupiter and 0.25 M Jupiter , where we consider α = 10 −3 and 10 −4 as the strength of turbulent viscosity in the CI Tau disk, respectively. It is noted that we should take some cautions to interpret the derived planet mass when such gas surface density formulas are applied to dust surface density. The origin of a distant planet is (i) a small core scattered from an inner region accreting the disk gas in situ (Piso & Youdin 2014; Kikuchi et al. 2014) and (ii) a by-product of gravitational scattering among planets. Assuming that CI Tau b formed at 5-10 au, the Lidov-Kozai oscillation can be initiated by an outer companion with a mass of 0.25-0.8 M Jupiter after 40-380 Myr (e.g. Holman et al. 1997) . Planet-planet scattering also likely occurs in gas-free environment. The coexistence of the distant planet and the eccentric hot Jupiter around CI Tau would be challenging for gravitational scattering scenarios. Previous high-contrast imaging observations found no point-like sources with 18 mag in the H band at 0. ′′ 75 (Uyama et al. 2017) , which corresponds to a planet with a mass of 3 M Jupiter around CI Tau aged 2 Myr based on the COND models (Baraffe et al. 2003) , because the predicted mass of the planet creating the gap is lower than their current detection limits. Therefore, further deep highcontrast imaging using the extreme Adaptive Optics in near-infrared wavelengths (e.g., Subaru/CHARIS, Gemini/GPI, and VLT/SPHERE) and/or ALMA in (sub-)millimeter wavelengths will be able to verify the existence of the planet at the gap and to constrain signatures of other planets.
SUMMARY
We searched for signatures of an outer planetary companion to CI Tau harboring a possible hot Jupiter CI Tau b by using the ALMA archive data. The 1.3 mm dust continuum revealed a gap structure at ∼0.
′′ 8. Our visibility fitting found that the gap located at 104.5±1.6 au has a width of 36.9±2.9 au and a depth of 0.41 +0.04 −0.06 . Dust trapping and the secular GI can explain the ring-like structures in the CI Tau disk. The existence of an outer planet can also explain the ob-served gap structure, although the coexistence of an eccentric hot Jupiter and a distant planet around the young CI Tau would be challenging for gravitational scattering scenarios. The planet's mass estimated from the dust gap structure is between ∼0.25 M Jupiter and ∼0.8 M Jupiter , which is consistent with non-detection of point-like sources with a mass of 3 M Jupiter by previous observations. Further high-contrast imaging will verify the existence of the planet embedded in the gap and constrain signatures of other planets in the CI Tau disk. The young classical T-Tauri CI Tau may be a unique system to explore the existence of a potential distant planet as well as the origin of an eccentric hot Jupiter.
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